In grapevine, stimulation of defence responses was evidenced in response to various types of abiotic stresses in both leaves and berries, as revealed by the increasing expression of genes encoding defence-related proteins or the stimulation of their corresponding activities. However, the capability of inflorescences to respond to abiotic stresses has never been investigated. Therefore, plant defence reactions in response to UV-C irradiation were followed in inflorescences and young clusters focusing on both bunchstems (peduncle and pedicels) and developing flowers/ berries from separated floral buds stage [Biologische Bundesanstalt, Bundessortenamt and CHemical industry (BBCH) stage 57] to groat-sized berries stage (BBCH 73). For this purpose, the expression of various genes coding for pathogenesis-related (PR) proteins (class I and III chitinases, Chi1b and CH3; b-1,3-glucanase, GLUC), an enzyme of the phenylpropanoid pathway (phenylalanine ammonia-lyase, PAL), and stilbene synthase (STS) was analysed in parallel with variations of chitinase activity and the accumulation of the phytoalexin resveratrol. Multiple defence responses were induced in bunchstems of both inflorescences and clusters following UV-C treatment. First, expression of genes encoding PR proteins was stimulated and chitinase activity was enhanced. Secondly, PAL and STS expression increased in association with resveratrol accumulation. Amazingly, none of the tested defence processes was induced in grapevine flowers following UV-C exposure, whatever the stage analysed. Similarly, in berries at fruit set, induction of gene expression was weak and neither an increase in chitinase activity nor resveratrol synthesis was noticed. However, in groat-sized berries, responsiveness to UV-C increased, as revealed by the induction of CH3, PAL, and STS expression, together with resveratrol accumulation. The differential responsiveness between bunchstems, flowers, and berries is discussed.
Introduction
In their natural environment, plants are exposed to a variety of biotic and abiotic stresses which lead them to respond by inducing defence responses (Fujita et al., 2006) . In grapevine, two main induced defence mechanisms have been well characterized in both leaves and berries: the accumulation of pathogenesis-related (PR) proteins and the synthesis of stilbene phytoalexins. PR proteins, including chitinases and b-1,3-glucanases, have been detected following (i) abiotic stresses such as herbicide stress, UV-C irradiation, or elicitor treatment (Bonomelli et al., 2004; Castro et al., 2005; Belhadj et al., 2006; TrotelAziz et al., 2006) and (ii) exposure to pathogens such as Botrytis cinerea, Erysiphe necator, or Plasmopara viticola (Derckel et al., 1998; Giannikis et al., 1998; Bézier et al., 2002; Robert et al., 2002) in both leaves and berries. Stilbene phytoalexins also accumulate in leaves (Langcake and Pryce, 1977; Douillet-Breuil et al., 1999; Bonomelli et al., 2004; Borie et al., 2004) and in berries (Adrian et al., 2000; Iriti et al., 2004) following fungal infection (B. cinerea or P. viticola) or abiotic stresses (wounding, UV-C light, or benzothiadiazole). Among stilbenes, resveratrol is quantitatively the major component of the grapevine response to infection or stress and its accumulation is correlated with an increased resistance of grapevine to B. cinerea in both leaves and berries (Jeandet et al., 2002) . Resveratrol and its derivatives are formed via the phenylpropanoid/polymalonate pathway, the first step being catalysed by phenylalanine ammonia-lyase (PAL) and the last step by stilbene synthase (STS). Genes encoding both enzymes are up-regulated in response to methyl jasmonate treatment in leaves (Belhadj et al., 2006) and to B. cinerea infection in leaves and berries (Bézier et al., 2002) .
Defence responses of flowers are poorly documented compared with those of grapevine leaves and berries, although flowering represents a key stage in infection for some pathogens such as B. cinerea. To date, only stilbene accumulation, especially resveratrol, has been measured in flowers after inoculation by the pathogen B. cinerea (Keller et al., 2003) . However, stilbene synthesis was not systematic in inoculated flowers and had a limited role in the inhibition of flower infection (Keller et al., 2003) . Infection of grapevine flowers is an important stage in the epidemiology of B. cinerea (Nair et al., 1995) and, therefore, preventive application of chemical fungicides is used at the end of flowering [corresponding to stage 68 on the Biologische Bundesanstalt, Bundessortenamt and CHemical industry (BBCH) scale of Meier (2001) ] to impede flower infection. Considering the defence responses to abiotic stresses, no information is currently available about grapevine flowers, or in floral organs of other plants. However, chitinases and b-1,3-glucanases are known to be developmentally expressed in floral organs of various plants, especially in pollen tube and pistils (Takeda et al., 2004; Liljeroth et al., 2005) .
Therefore, the objective of the present study was to assay defence regulation in grapevine inflorescences in response to UV-C irradiation, an abiotic stress that induces defence reactions in grapevine leaves and berries (Adrian et al., 2000; Bonomelli et al., 2004) . Particular attention was paid to the end of flowering (BBCH stage 68), a key stage in the B. cinerea epidemiology, and to the surrounding stages from BBCH stage 57 (separated floral buds) to 73 (groat-sized berries), using fruiting cuttings of Pinot Meunier (Vitis vinifera L). Defence was quantified in both bunchstems (peduncle and pedicels) and flowers/berries of inflorescences/clusters, focusing on (i) expression of various genes coding for PR proteins and enzymes of the phenylpropanoid pathway and of stilbene biosynthesis; (ii) chitinase activity; and (iii) resveratrol contents.
Materials and methods

Plant material
Fruiting cuttings of V. vinifera L. (cv. Pinot Meunier) were obtained from canes of grapevine according to the protocol improved by Lebon et al. (2005) . Cuttings were planted in 300 ml pots containing a perlite/sand mixture (1:2, v/v) and transferred to a growth chamber under a temperature of 25°C (day/night), at a relative humidity of 60% (day/night) and a 16 h photoperiod (400 lmol photons m À2 s À1 ). Plants were irrigated daily with a complete mineral nutrient solution containing nitrate and ammonium (Coïc and Lesaint, 1971) . Five stages of development were identified according to the BBCH scale (Meier, 2001 ) and surrounding the BBCH stage 68: separated floral buds (BBCH 57), 20% of caps fallen (BBCH 62), 80% of caps fallen (BBCH 68), fruit set (BBCH 71), and groat-sized berries stages (BBCH 73) . Defence responses were determined in the bunchstem tissue, flowers, and small berries. Bunchstem corresponds to both the peduncle, which is the stem of the panicle, including the central axis and the stem of the laterals, and the pedicels (Jackson and Coombe, 1995) .
UV-C irradiation
Grapevine inflorescences or clusters were irradiated using a UV-C lamp (254 nm, Vilber Lourmat, Model VL-6.C, output 7.1 W m À2 , 15 cm distant) for 6 min (3 min on each side of the inflorescence/cluster). The amount of UV-C absorbed by the different organs is almost the same. Then cuttings were maintained in a growth chamber until sampling. Controls consisted of non-irradiated plants.
RNA extraction
Inflorescences or clusters were collected 24 h after UV-C irradiation. Bunchstem was immediately separated from flowers/berries then frozen in liquid nitrogen and stored at -80°C. Samples (eight pooled plants) were ground in liquid nitrogen to a fine powder. A 100 mg aliquot of powder was used for total RNA extraction and homogenized in extraction buffer (Plant Purification RNA Reagent, Invitrogen, France), according to the manufacturer's instructions. The RNA pellet was resuspended in 20 ll of RNase-free water and quantified by absorbance at 260 nm.
Real-time RT-PCR analysis
A 150 ng aliquot of total RNA was reverse-transcribed using M-MLV reverse transcriptase (Invitrogen, France) according to the manufacturer's protocol. PCR conditions were described in Bézier et al. (2002) . The reaction was carried out in duplicate in a GeneAmp 5700 sequence detection system (Applied Biosystems, France) using the following thermal profile: 15 s at 95°C (denaturation) and 1 min at 60°C (annealing/extension) for 40 cycles. To calculate the copy number for each sample, standard curves were generated by performing real-time PCR on serial dilutions of specific purified DNA. The standard curves were then constructed by plotting the Ct (threshold cycle) values versus the logarithm of the copy number of purified PCR products. The mRNA copy number of each sample was calculated from the standard curve using its Ct value and corrected by normalization against EF1a mRNA (Terrier et al., 2005) . The results were expressed as mRNA copy number/10 000 EF1a mRNA. In addition, the induction factor following UV-C stress was calculated: a control sample (non-irradiated inflorescence or cluster) was chosen to represent 13 expression of genes. Expression of three genes encoding PR proteins, class I chitinase (Chi1b), class III chitinase (CH3), and a b-1,3-glucanase (GLUC), and genes coding for a key enzyme of the phenylpropranoid pathway, phenylalanine ammonia-lyase (PAL), and stilbene synthase (STS) were tracked (Bonomelli et al., 2004) .
Chitinase extraction and activity
Inflorescences/clusters of eight different non-pooled plants were collected 96 h after UV-C irradiation and bunchstems were separated from flowers/berries. Proteins were extracted from each sample (independent bunchstems and flowers/ berries) by homogenizing ground frozen collected samples [250 mg of fresh weight (FW)] at 4°C in 1 ml of 50 mM sodium acetate buffer, pH 5.0 containing 1 mM dithiothreitol and 1% (w/v) polyvinylpyrrolidone. The homogenate was centrifuged at 10 000 g for 5 min at 4°C and the clarified supernatant was recovered. Chitinase activity was assayed using a commercial blue enzyme substrate, CMchitin-RBV solution (Loewe Biochemica, Germany) according to Magnin-Robert et al. (2007) . Measurements were conducted in triplicate. Results were expressed in mg min À1 g À1 FW in both bunchstems and flowers/berries.
Identification and quantification of stilbenes
At 24 h after UV-C exposure, inflorescences/clusters of 16 irradiated and non-irradiated plants were examined under long wavelength UV light. Resveratrol and the biosynthetically related oligomers viniferins are very easily detected at 365 nm since they give characteristic bright blue fluorescence (Langcake and Pryce, 1977) . This method thus provides a rapid qualitative assessment of the inflorescence/ cluster response to induction. Quantification of stilbenes was performed by high-performance liquid chromatography (HPLC) (Jeandet et al., 1997) . Briefly, bunchstem and flowers/berries of three different non-pooled plants were separated then ground individually in a mortar with sand and 10 ml of methanol:water (8:2, v/v). Extracts were prepared according to Jeandet et al. (1991) . Each extract was filtered and kept at -80°C until HPLC analysis.
Statistical analysis
All the results were obtained from two independent experiments. The results presented are data obtained from one experiment.
To determine whether chitinase activity and resveratrol accumulation of control plants were significantly different from UV-C-treated plants, analysis of variance (ANOVA) followed by a Student's t-test were used. Differences at P <0.05 were considered as significant.
Results
Expression of grapevine defence-related genes
The basal level of gene expression fluctuated in both bunchstems and flowers/berries during the development from the separated floral buds (57) to groat-sized berries (73) stage (Fig. 1, control) but was generally higher in flowers and berries than in bunchstems, especially at stages 62 and 68. For example, at stage 68, basal levels of gene expression were 7-to 13-fold higher in flowers than in bunchstems, except for GLUC which exhibited a strong discrepancy (up to 340-fold) between both organs. In bunchstems, the variation between the lowest and the highest level of gene expression fluctuated from 3-to 17-fold, except for GLUC (130-fold). In flowers/berries, basal level fluctuation depended on the gene. The basal level of Chit1b reached a 6-fold higher expression at stage 62 and then decreased at stage 73. The CH3 expression profile remained constant from stage 57 to 71 and then decreased at stage 73. Considering GLUC, a steady 20-fold increase of expression was observed from stages 57 to 71 and was followed by a decrease at stage 73. In contrast, the basal level of PAL and STS expression peaked at stage 62 and then progressively decreased until stage 73.
Following UV-C exposure, the highest levels of transcript accumulation were measured in bunchstems, except for that of GLUC which was highest in flowers/berries (Fig. 1, UV) . A strong discrepancy in the induction of gene expression between bunchstems and flowers/berries was observed. In bunchstems, levels of gene expression increased to reach a maximal induction at stage 68, except for PAL (stage 62). The highest induction was observed for STS and was 209-fold over the basal level, while the lowest induction was measured for Chi1b, though it reached 25-fold compared with the basal level. Then levels of gene expression decreased until stage 73 for Chit1b and GLUC. In contrast, considering CH3, PAL, and STS expression, a decrease was observed at stage 71 but was followed by an increase at stage 73. Considering flowers and berries at fruit set (stages 57-71), no significant induction of gene expression was globally measured compared with the basal level, except for Chit1b, PAL, and STS expression for which a low induction of 6-to 8-fold was measured at stages 57 or 71. In contrast, in groat-sized berries (stage 73), a strong induction of expression was recorded for PAL and STS, corresponding, respectively, to 50-and 61-fold compared with the basal level, while CH3 expression increased 8-fold.
Chitinase activity
A similar basal chitinase activity fluctuating between 0.4 mg min À1 g À1 FW and 1.4 mg min À1 g À1 FW was measured in control plants whatever the organ and developmental stage (Fig. 2, control) . After UV-C exposure, chitinase activity increased from 4-to 13-fold in bunchstems (Fig. 2, UV) , which was in agreement with induction of Chi1b and CH3 expression in UV-C-treated bunchstems (Fig. 1) . In flowers and berries, the basal chitinase activity remained constant following UV-C exposure (Fig. 2, UV) despite a low induction of Chi1b or CH3 expression (Fig. 1) .
Resveratrol accumulation
When observed under long UV, inflorescences showed a slight natural fluorescence (Fig. 3A) which was not visible in clusters at the groat-sized berries stage (Fig. 3C) . When analysed by HPLC, no compound with a retention time similar to resveratrol or viniferins was identified in extracts from control flowers, young berries, or bunchstems (data not shown).
Exposure to UV-C light induced phenolic compound accumulation. When observed under long UV, bunchstems of UV-C-treated inflorescences or clusters exhibited a bright deep blue fluorescence (Fig. 3B, D) . This fluorescence was also clearly detected in groat-sized berries (Fig. 3D) whereas it was low in flowers (Fig. 3B) . When analysed by HPLC, resveratrol was measured in UV-C-treated bunchstems and groat-sized berries but was undetectable in flowers and berries at fruit set (Table 1) . No viniferin was identified in any organ, whatever the developmental stage considered (data not shown). Resveratrol accumulation in UV-C-treated bunchstems varied between 6 lg g À1 FW and 16 lg g À1 FW according to the stage of development, which was similar to the accumulation measured in treated berries at stage 73 (Table 1) . These results are in agreement with expression of PAL and STS whose induction was observed in bunchstems and young berries, in contrast to flowers (Fig. 1) .
Discussion
UV-C exposure has long been known as an inducer of defence responses in grapevine leaves (Langcake and Pryce, 1977; Douillet-Breuil et al., 1999; Bonomelli et al., 2004; Borie et al., 2004) and berries (Adrian et al., 2000; Bais et al., 2000) , but no information is available concerning inflorescences. The present study clearly demonstrates that flowers and berries at fruit set only weakly responded to UV-C exposure by enhanced defences, in contrast to bunchstems and groat-sized berries.
Considering healthy non-treated plants, the results showed that all defence-related genes exhibited a basal level of expression which fluctuated both in bunchstems and in flowers/berries from separated floral buds (57) to the groatsized berries (73), and was generally higher in flowers and berries. Previous studies on grapevine also reported that a class IV chitinase was expressed in a flower-and berryspecific manner (Robinson et al., 1997) and that maximum PAL expression occurred in flowers and then decreased in berries (Boss et al., 1996) . Otherwise, no information is available concerning the basal level of defence-related genes in grapevine floral organs. The PAL basal level of expression correlated with those measured by Boss et al. (1996) in flowers and young berries. The basal level of GLUC expression gradually increased during development in flowers, reaching a high level as compared with bunchstems. The increase was shown to be less dramatic when considering Chit1b, whereas the basal level of CH3 expression remained stable. In other plants, earlier studies have revealed that chitinases and b-1,3-glucanases are highly expressed in floral organs such as pistils or stamens of healthy plants and may constitute a natural defence system against pathogen infection at flowering (Harikrishna et al., 1996; Liljeroth et al., 2005) . Regarding the level of transcript accumulation, the glucanase analysed in this study could have such a role in grapevine flowers. It is also interesting to notice that the basal level of GLUC expression still increased in berries at fruit set to reach its maximal level, and then suddenly dropped in groat-sized berries. Thus, glucanase could also have a protective role for the very young berry. Although chitinases and glucanases were primarily thought to play a role in the protection of flowers, they might also have non-defence functions (Ori et al., 1990; Harikrishna et al., 1996; Takeda et al., 2004; Liljeroth et al., 2005) . b-1,3-glucanases may notably be involved in facilitating pollen tube extension by their cell wall hydrolysing UV-C and grapevine defence responses | 1159 activities in the female tissue when the pollen tube grows (Ori et al., 1990; Harikrishna et al., 1996) . Since gene expression was measured in whole flowers, the cellular localization of the glucanase transcript during the whole of flower development (stages 53-68) could determine the spatio-temporal expression of this gene and clarify a putative role for glucanase in grapevine reproductive development.
Following UV-C exposure, an induction of genes encoding chitinases (Chi1b, CH3), a glucanase (GLUC), PAL and STS, as well as an increase in chitinase activity and resveratrol accumulation was observed in bunchstems. Bunchstems seem to behave like leaves, vegetative organs. Indeed, previous studies reported resveratrol accumulation which correlated with STS mRNA production, as well as induction of PR gene expression, and chitinase and b-1,3-glucanase enzyme activities in UV-C-treated leaves of grapevine (Bonomelli et al., 2004; Borie et al., 2004) . In contrast to these organs, no significant induction of the tested defence processes (changes in the level of gene expression, chitinase activity, or resveratrol accumulation) was observed in UV-C-treated flowers. Nevertheless, both control and UV-C-treated flowers exhibited a low fluorescence when observed under long wavelength UV light. Such fluorescence could be explained by the autofluorescence of some floral parts such as pollen exine (Abreu and Oliveira, 2004) and may not be related to defence responses. A higher basal level of gene expression was noticed in flowers compared with bunchstems. However, this may not account for the differences in responsiveness observed between these two organs, because, after UV-C stress, the accumulation of transcripts was much higher in bunchstems than in flowers, except for GLUC. Considering the particular basal level regulation of GLUC, it can be hypothesized that the glucanase behaves like a PR-like protein in flowers and therefore is not significantly regulated by stress (van Loon et al., 2006) . No study has investigated the regulation of defences in floral tissues of grapevine or other plants following abiotic stresses. Nevertheless, Keller et al. (2003) reported a low accumulation of stilbenes, especially resveratrol, in grapevine flowers following B. cinerea infection. However, resveratrol accumulation was not systematic and many inoculated flowers failed to produce stilbenes. The authors hypothesized that the high susceptibility of grape flowers to B. cinerea may be partially related to their poor ability to carry out stilbene synthesis. The present results confirm that flowers also exhibit a poor capacity to induce their different defence mechanisms in response to an abiotic stress. The low responsiveness of flowers could be explained by activation of mechanisms other than defence functions. Indeed, formation of reproductive organs, pollination, and fertilization are complex processes characterized by various peculiar events such as organogenesis, differential cell division, and variations in gene expression (Gasser, 1991) .
As in flowers, it was observed that no defence response was significantly induced in berries at fruit set (stage 71) following UV-C stress. In contrast, groat-sized berries (stage 73) became sensitive to UV-C, as revealed by an induction of some defence responses. The differences in responsiveness between berries at stages 71 and 73 may be explained by changes in biosynthetic pathways such as stilbene and flavonoid pathways. Indeed, resveratrol derives from the same pathway and shares common precursors with flavonoids. It has been suggested that stilbene synthase may compete with chalcone synthase, the key enzyme of flavonoid biosynthesis (Hrazdina and Wagner, 1985) . Therefore, the increase in resveratrol accumulation in berries after stage 71, as reported here, may be related to a decrease in the concentration of flavonols, as previously described by Downey et al. (2003) . In groat-sized berries, a weak CH3 induction was observed but was not related to any increase in chitinase activity. In grapevine, chitinases exist as multiple isoforms (Robert et al., 2002; Bézier et al., 2007) . Measurement of chitinase activity in a crude protein extract that corresponds to the measure of all chitinase activities could explain the lack of correlation observed between CH3 gene expression and chitinase activity. In addition to CH3 induction, a stimulation of PAL and STS expression and resveratrol synthesis was recorded in berries at stage 73. Resveratrol accumulation has previously been characterized in berries exposed to UV-C at later stages (Jeandet et al., 1991; Bais et al., 2000) . The stilbene phytoalexin content was shown to fluctuate during berry development as resveratrol synthesis increased during the first weeks of berry development and then dramatically declined at maturity (Jeandet et al., 1991; Bais et al., 2000) .
To conclude, differences in the responsiveness to UV-C irradiation have been observed between bunchstems and flowers of grapevine inflorescences. Indeed, none of the tested defence processes was induced in flowers whereas a high induction was noticed in bunchstems. The low responsiveness of ripened berries (Jeandet et al., 1991) and flowers to stresses may be one of the factors contributing to the high susceptibility of these organs to B. cinerea.
